Airway surface liquid (ASL) is a thin (approximately 1 to 100 m) low-viscosity fluid layer that covers the luminal surface of the conducting airway epithelia and is necessary for effective mucociliary clearance [1] [2] [3] . Since the volume and ionic compositions of ASL are maintained within a relatively narrow physiological range, fluid and electrolytes transport system across cell membranes must be regulated. One attractive model of this cellular mechanism is autocrine signaling via ATP release, i.e., a coupling of stimulation-induced ATP release to a purinergic receptor [4] [5] [6] [7] [8] . Ex-tracellular ATP is known to activate purinergic (P 2u ) receptors on the apical membrane of airway epithelia [9] and to stimulate Cl Ϫ secretion [10]. These results raise the possibility that volume, ionic composition, and osmolality of ASL may be regulated by luminal ATP, if such factors of ASL can change the rate of ATP release from the cell.
bronchial epithelial cells (16HBE). This method is more sensitive than the patch-clamp (or whole-cell clamp) technique [5, 18, 19] and can detect minute ATP release through ATP-conducting and non-conducting pathways. ATP release from the cell can be transported by any of three different mechanisms: (1) ionic channels, such as cystic fibrosis transmembrane conductance regulator (CFTR) [5, [19] [20] [21] , volumeregulated anion channels (VRAC) [22] , and volumedependent ATP-conductive large-conductance anion channel (VDACL) [23] [24] [25] ; (2) transporters, including multi-drug resistance (MDR) [18] ; (3) exocytosis [26, 27] . However, the CFTR-or MDR-mediated ATP release hypothesis has now been challenged by contradictory reports [12, [28] [29] [30] [31] [32] . Further, hypotonicity-induced ATP release occurs in Intestine 407 cells that do not express CFTR [15, 16] . Similarly, volume-sensitive outwardly rectifying (VSOR) Cl Ϫ channels may not be responsible for an ATP-conducting pathway [15, 33, 34] because Gd 3ϩ (30 M) abolished swelling-induced ATP release without affecting VSOR Cl Ϫ channel currents [15] .
In the present study, we first focused on the effect of Cl Ϫ concentration on the release of ATP from the cell, because Cl Ϫ concentration of ASL fluctuated under the condition of the airway, such as asthma, bronchitis, and cystic fibrosis [4, [35] [36] [37] , and ATP release was dependent on extracellular Cl Ϫ concentrations [13] . Second, we examined the effects of hypertonicity on ATP release, because although hypotonicity-induced cell swelling is known as a signal for ATP release in various cell types [6, 15, 16, 23, 32, 38] , including bronchial cells [7, 31, 39, 40] , hypertonicityinduced (shrinkage-induced) ATP release has not been identified. Third, we reinvestigated whether swellinginduced ATP release is Ca 2ϩ -and cAMP-dependent, because early experiments using the luciferin-luciferase luminometric assay may be stimulated by mechanical perturbation, such as tilting, touching, and the replacement of solution [12, 14] .
METHODS

Cell culture. Human bronchial epithelial cells (16HBE) obtained from the Cardiovascular Research
Institute, University of California, San Francisco, CA, USA, were cultured in a 1 : 1 mixture of Dulbecco's modified Eagle's medium (DMEM) and Ham's F-12 media supplemented with 5% fetal bovine serum (FBS) (GIBCO), 50 g ml Ϫ1 streptomycin-50 U ml Ϫ1 penicillin (GIBCO), 2.5 g ml Ϫ1 fungisone (GIBCO), and 100 g ml Ϫ1 gentamicin (Sigma, St. Louis, MO, USA), as described previously with a slight modifica-tion [41] . Assays with 16HBE cells were carried out 3 d after seeding (about 5ϫ10 5 cells per dish).
Cell preparation. Monolayers of 16HBE cells grown on regular plastic dishes (Corning, NY, USA) of 35 mm diameter with two no-cell areas were used to increase assay sensitivity and to reduce mechanical artifacts [12, 14] . Briefly, two pieces of silicon rubber (4.5ϫ4.5 mm) were patched on the bottom (center and inner rim) of plastic dishes (7.6 cm 2 surface area), and 16HBE cells were cultured. These covers were carefully removed from the dish just before the beginning of each experiment.
ATP sample collection. Unless otherwise mentioned, ATP release experiments were conducted at room temperature (27-29°C) on a stable desk. The monolayers of 16HBE cells were totally washed twice and covered by a control solution of 1.2 ml. Then the medium was half replaced 7 times with a control isotonic NaCl solution. This effectively decreased the concentration of ATP ([ATP] o ) in the medium ( Fig. 1) . A regular collecting and refilling time was less than 10 s each dish. The solutions were mixed within the next 10 to 20 s after the addition of a new, non-ATPcontaining solution. In preliminary experiments, the amount of released ATP in the first-half sample was compared with that of the second half. Strictly speaking, the second-half sample was tilted for quick collection (less than 3 s), and its volume was 500 l. There was no significant difference (pϭ0.506, nϭ27) in ATP released between the first and second samples. This suggests that the original and refilled solutions are sufficiently mixed and, on the contrary [12] , the short tilting did not disturb the ATP measurement.
Thus, the amount of released ATP in response to each replacement was calculated with Eq. 1, if the degradation of released ATP by ecto-ATPase and re-Japanese Journal of Physiology Vol. 53, No. 5, 2003 H. TAKEMURA et al. 
N means the number of half-replacements (NՆ2).
Through the present experiments, the sample was collected from the non-cell area in dishes without tilting at the times indicated after the ionic or osmotic stress. It was centrifuged to remove potentially detached cells for a later measurement of ATP. Under these conditions, cell lysis or damage was not evident when cells were examined microscopically. At the end of each experiment, cells were lysed for 5 min on a rotating platform with the lysis reagent provided in the kit (Toyo-Inki, Tokyo, Japan), and ATP content in the lysate was similarly determined.
Luciferin-luciferase luminometric assay. The ATP content of the extracellular and intracellular fluid was measured by luciferin-luciferase luminometric assay with an LB96V AutoLumat luminometer (Berthold, Bad Wildbad, Germany) and an LL-1001 reagent (Toyo-Inki) in a control solution according to the manufacturer's instructions. To reduce the inhibitory effects of Gd 3ϩ [40] and the changes in concentrations of Cl Ϫ [13, 39] on this assay, we diluted the sample a tenth by adding a control solution. Then the diluted sample of 80 l (8 l original sample ϩ72 l of the control solution) was pipetted into a white 96-well microplate. The plate was placed in the luminometer and was automatically processed by an injection of 80 l of a luciferin-luciferase reaction cocktail into each well for a quantification of ATP. A calibration curve was constructed for each plate by using serial dilutions of an ATP standard. The calibration curve, plotted as the log of luminescence intensity (relative units) vs. a log of ATP, was almost linear over four orders of ATP, from 10 Ϫ15 to 10 Ϫ12 mol. All chemicals used to stimulate/inhibit cells were tested in the calibration curve and found to have little effect on luciferase luminescence under the conditions used.
Solutions. A control isotonic solution (290 mosmol kg H 2 O Ϫ1 ) contained (in mM) 140 NaCl, 5 KCl, 1 MgCl 2 , 1 CaCl 2 , 10 HEPES (pH 7.4 adjusted with NaOH), 5.5 D-glucose, and 1 Na-pyruvate. Hypotonic solutions, prepared by adding the appropriate volume of distilled water in plastic tubes, was added to the culture dish to dilute the medium. For example, to get a 30% dilution (205 mosmol kg H 2 O Ϫ1 ) of the control solution, we added 600 l of a 110 mosmol kg H 2 O Ϫ1 solution to the control (600 l). Then the same (30%) dilutions were added to the dish after every collection. For an isotonic Na-gluconate solution, NaCl was totally replaced with Na-gluconate, which was adjusted to 290 mosmol kg H 2 O Ϫ1 with mannitol. NaCl-and mannitol-hypertonic solutions (500 mosmol kg H 2 O Ϫ1 ) were made by adding high NaCl-and mannitol-added solutions, respectively. To get a low Cl Ϫ solution, Na-gluconate solution was added to the control (NaCl) solution. All solutions were filtered with a Millipore membrane filter (0.22 m) before use. The osmolality of the solutions used were determined before and after experiments by the freezing-point depression method (One-10, Fiske, Norwood, USA).
Chemicals. The following agents were added to the bathing medium: O,OЈ-bis(2-aminophenyl)ethyleneglycol-N,N,NЈ,NЈ-tetraacetic acid, tetraacetoxymethyl ester (BAPTA-AM) (Dojin, Kumamoto, Japan), N-[2-hydroxyethyl]piperazine-NЈ-[2-ethanesulfonic acid] (HEPES) (Sigma), and forskolin (Sigma).
Statistics. The data are given as meansϮSEM of observations (n). Their statistical differences were evaluated by a paired or an unpaired Student's t-test and considered significant at pϽ0.05.
RESULTS
Release of ATP induced by medium change
The luciferin-luciferase luminometric assay system was used to measure the ATP release in confluent monolayers of 16HBE cells. Initial experiments were performed to determine whether total or half-replacement of the medium led to this release even with a control isotonic solution (290.9Ϯ0.3 mosmol kg H 2 O Ϫ1 ). Monolayers were fully washed twice and intermittently replaced half 7 times with the control solution. It took 60 to 80 min for the 7 half-replacements of 9-12 dishes. Figure 1 shows that [ATP] o , raised by the initial total displacement, decreased exponentially toward the basal level upon the following half-replace- ment. The level at the 7th half replacement was 0.74Ϯ 0.08 nM (nϭ9) and did not significantly decrease further (see below). Replacement-induced ATP release given by Eq. 1 (METHODS) was calculated by using the values shown in Fig. 1 . The mean valueϮSEM of ATP release was Ϫ0.02Ϯ0.16 pmol per half-replacement (44 samples from 9 dishes), which was not significantly different from 0.
ATP release induced by hypotonicity
During the next 15-min exposure to isotonic solution after the 7th half-replacement, the mean rate of ATP release was 0.036Ϯ0.034 pmol min Ϫ1 (nϭ9). This is estimated to be about 700 ATP molecules s Ϫ1 per cell. On the other hand, upon hypotonicity (30% dilution, 204.6Ϯ0.7 mosmol kg H 2 O Ϫ1 ), the external ATP concentration ([ATP] o ) and the rate of ATP release significantly (pϽ0.01 and pϽ0.02) increased to 7.0Ϯ1.3 nM and 3.1Ϯ0.6 pmol min Ϫ1 , respectively, at 6 min and decreased toward the basal level at 10 min (Fig. 2) . The maximum rate of ATP release is estimated to be 6.2ϫ10 4 ATP molecules s Ϫ1 per cell if degradation of released ATP is assumed to be negligible. Figure 3 shows that the ATP release for 10 min increased with decreasing extracellular osmolality, although it was not stimulated by a 16% dilution of 245 mosmol kg H 2 O Ϫ1 .
Effects of cAMP stimulation and Ca 2؉ chelation on hypotonicity-induced ATP release
A possible relation between hypotonicity-induced ATP release and CFTR was investigated by adding forskolin (10 M), an adenylyl cyclase activator, to the bathing medium of 16HBEs. It significantly (nϭ6, pϽ0.005) increased the amount of hypotonicity-induced ATP release by 71.5% (Fig. 4 ). On the other hand, when the cells were incubated with BAPTA-AM (25 M) for at least 10 min, a membrane-permeable Ca 2ϩ chelator, the amount of ATP release was decreased by 56% (nϭ10, pϽ0.001). It is more interesting that forskolin, coexisting with BAPTA-AM, failed to stimulate the release of ATP (nϭ6).
Effects of Gd 3؉ on ATP release
The hypotonicity-induced ATP release in epithelial cells was blocked by Gd 3ϩ [15, 32, 39] , a known stretch-activated channel inhibitor [42, 43] . In 16HBE cells, Gd 3ϩ significantly (pϽ0.05) inhibited hypotonicity-induced ATP release at 50 M, but not at 10 M (Fig. 5A) . On the contrary, in 2 of 8 experiments, ATP release was stimulated by 10 M Gd 3ϩ . When the cells were pretreated with BAPTA-AM ( Fig. 5B ). These reductions of ATP release were not due to a decrease in ATP content in the cells incubated with BAPTA-AM ( Table 1) .
Effect of ionomycin and forskolin on the basal ATP release
To test whether intracellular Ca 2ϩ increase or cAMP-dependent process may have a key role in the ATP release induced by osmotic cell-swelling, we measured the amount of ATP release in an isotonic solution containing 2 M ionomycin and/or 10 M forskolin. Figure 6 shows that neither ionomycin nor forskolin increased the amount of ATP release from the cells under the isotonic condition.
Effect of low Cl ؊
We then tested the possibility that a Cl Ϫ sensor of the surface membrane may be stimulated by changes in Cl Ϫ concentration during a reduction of osmolality. Thus the release of ATP was measured under the conditions of isotonic low (75 mM) Cl Ϫ solution. No significant increase in the amount of ATP release was observed under the isotonic low Cl Ϫ condition (nϭ3) (Fig. 7) .
Effects of high Cl ؊ and hypertonicity
When the control solution was half replaced with (NaCl-added or mannitol-added) hypertonic solution (500 mosmol kg H 2 O Ϫ1 after mixture), the cells once shrank and recovered to the original sizes within 10 min under microscopy. However, the amount of ATP release for 10 min remained low and was not significantly different from the basal (resting) level (Fig.  7) .
DISCUSSION
This study demonstrates that the extracellular ATP concentration ([ATP] o ) is below 10 Ϫ9 M in the medium of non stimulated human bronchial epithelial (16HBE) cells and that its concentration and the rate of ATP release increases transiently when the cells are subject to hypotonic cell swelling. However, both the reduction of the extracellular Cl Ϫ concentration and the increase in osmolality with NaCl or mannitol failed to stimulate this release. Although swelling-induced ATP release was significantly stimulated by forskolin, it was abolished when 16HBE cells were pretreated with BAPTA-AM. On the other hand, ATP release was never stimulated by either ionomycin or forskolin when the cells were incubated in a control isotonic solution. These results together suggest that hypertonicity and changes in Cl Ϫ concentrations are not an effective signal for the release of ATP, and that hypotonicity-induced ATP release may be potentiated by an increase in intracellular Ca 2ϩ and cAMP. A mechanical control of the total and half-replacements was performed with a control isotonic solution. An exponential decrease in [ATP] o during the half-replacement suggests that although ATP is markedly released by the initial, total medium displacement (about 1 to 2% of the cellular ATP content), no further significant ATP is released by the following half-replacement. This is consistent with the previous observations [15, 40] . In the present study, special care was taken not to perturb the cell except the half-replacement. To minimize the unmixing effects, various hypotonic solutions (50 to 200 mosmol kg H 2 O Ϫ1 ) instead of distilled water were added to the medium. There was no significant difference (pϭ0.506, nϭ27) in the amount of ATP released between the first-and second-half samples (see METHODS) . We found that an ATP release increased with decreasing extracellular osmolality only below 205 mosmol kg H 2 O Ϫ1 , 30% hypotonicity). The level of threshold is very similar to that obtained in Intestine 407 (210 mosmol kg H 2 O Ϫ1 ), in which hypotonic solutions were added to reduce the osmolality of the medium [15] . On the other hand, cells exposed to the distilled water that was added [7, 31, 39] released ATP more instantaneously and showed high sensitivity. They could trigger ATP release in response to a 4% dilution of the medium osmolality [31, 39] . There is a possibility that the addition of distilled water to the medium may augment the apparent sensitivity of the cellular ATP release by decreasing the local osmolality on the surface of the cell [39, 44] .
The bioluminescence of ATP is affected by various chemicals [13, 39, 40] , such as serum, glibenclamide, Cl Ϫ , and Gd 3ϩ , although Taylor et al. [39] reported that the luciferase detection of ATP was not affected by 100 M Gd 3ϩ . Thus to control the changes in Cl Ϫ concentrations of less than 5% and to reduce the inhibitory effects of these chemicals, we routinely diluted the samples collected by a tenth with a control solution. This decreased the concentrations of the added Gd 3ϩ to 1 and 5 M, respectively, which did not affect an ATP standard curve for calibration. In the present study, the inhibition of ATP release requires 50 M of Gd 3ϩ , which is similar to that obtained in In-testine 407 [15] , in bovine tracheal cells [31] , and in mouse C127i cells [23] . Although these values were much lower than those of 100 to 500 M determined in epithelial and non epithelial cells [40] , they are slightly higher than the concentration typically used to block mechano sensitive channels [42, 43, 45] . Gd 3ϩ may directly inhibit the volume-dependent, ATP-conductive channel [23, 31] , such as VDACL [23] . In 2 of 8 observations (Fig. 5 ), Gd 3ϩ (10 M) increased the hypotonicity-induced ATP release, but in others it produced a noticeable inhibition of ATP release. These variations suggest that Gd 3ϩ may stimulate the ATP release in a particular condition or in different cell types, such as fibroblasts [40] . It has been reported that Gd 3ϩ has biphasic stimulator/inhibitory effects on exocytotic release of various neurotransmitters [46] . On the contrary, Gd 3ϩ (10 M) had no effects on ATP release from guinea pig ureter epithelium during distension [27] .
The route of swelling-induced release of ATP is not yet identified. In 16HBE cells, the maximum rate of ATP release during hypotonic cell-swelling was estimated to be 6.2ϫ10 4 ATP molecules s Ϫ1 per cell. This value is 30 times higher than that determined in Intestine 407 [15] , but much lower than the level of ionic channels determined by the patch-clamp (whole-cell clamp) technique [5, 6, 19, 30, 31, 47] . It is interesting that the rate of ATP release in the present study is very similar to that obtained in mouse mammary C127i cells [23] . A slow onset of ATP release (Fig. 2) suggests that hypotonicity-induced ATP release may require chemical reactions in the cell. The time-course of ATP release is similar to those of ATP channel (VDACL) currents stimulated by hypotonicity in Intestine 407 [15] and in C127i cells [23] , although the ATP release is transient in the present study. This biphasic time course of ATP release is very unique and resembles the data obtained from the human umbilical vein endothelial cells (HUVEC) [26] and the human lung adenocarcinoma cell line (Calu-3) cultured in capillary [17] . In these cells, ionized ATP (ATP Ϫ ) or numbers of intracellular vesicles filled with ATP may be limited. Further, when using a highly sensitive luciferin-luciferase assay we could not find the stimulation of ATP release by forskolin from the 16HBE cells tested in a control isotonic condition. This result agrees with those obtained in Cl Ϫ -secreting epithelia, 3T3 fibroblasts [11] , and various epithelial cells [12] . It contrasts, however, with studies in which cAMP increased the rate of ATP release in mouse mammary carcinoma cells stably expressing CFTR [18] , in neonatal rat cardiac myocytes [47] , and in CFTR-expressing fibroblasts [31] . In these prepara-tions, cellular ATP may be transported through CFTR [5] and CFTR-associated channels [30, 31] .
The absence of ATP release in response to ionomycin, a Ca 2ϩ -mobilizing agonist, in a control isotonic solution rules out the possibility that a non-CFTR endogenous Ca 2ϩ -activated Cl Ϫ channel is an ATP-conducting channel. However, we do not deny a possible mechanism that hypotonicity-induced ATP release is regulated by intracellular Ca 2ϩ , because ATP release was significantly inhibited in the presence of BAPTA-AM and Gd 3ϩ . The route of ATP release in the present study differs from a volume-regulated anion channel (VRAC) of aortic endothelial cells [22] in a mechanism of Ca 2ϩ -and cAMP-dependent ATP release during hypotonicity.
Thus it seems unlikely that anion channels, such as CFTR [30, 31] and VRAC [22] , can provide a pathway of swelling-induced ATP release in the present study. A slow activation of ATP release and its rate during hypotonic cell swelling is similar to those of ATP channel (VDACL) currents [23] [24] [25] . Ca 2ϩ -and cAMP-dependent properties of ATP release are consistent with a model of non-conducting ATP pathway including exocytosis. It has been reported that in alveolar type II cells, mechanical stretch transiently elevates intracellular Ca 2ϩ and causes exocytosis of surfactant-containing vesicles [48] .
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